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It has been suggested that the baseline scenario of collisionless cold dark matter over-predicts
the numbers of satellite galaxies, as well as the dark matter (DM) densities in galactic centers.
This apparent lack of structure at small scales can be accounted for if one postulates neutrino-DM
and DM-DM interactions mediated by light O(MeV) force carriers. In this letter, we consider a
simple, consistent model of neutrinophilic DM with these features where DM and a “secluded” SM-
singlet neutrino species are charged under a new U(1) gauge symmetry. An important ingredient of
this model is that the secluded sector couples to the Standard Model fields only through neutrino
mixing. We observe that the secluded and active neutrinos recouple, leading to a large relic secluded
neutrino population. This relic population can prevent small-scale halos from collapsing, while at
same time significantly modifying the optical depth of ultra-high-energy neutrinos recently observed
at Icecube. We find that the bulk of the parameter space accommodating an (a)symmetric thermal
relic has potentially observable consequences for the IceCube high energy signal, with some of the
parameter ranges already ruled out by the existing data. Future data may confirm this mechanism
if either spectral absorption features or correlations with nearby sources are observed.
I. INTRODUCTION
There is a long-standing debate whether the collision-
less cold dark matter (DM) predicts too much structure
at small scales. The conflict with observations is sug-
gested in at least three ways: (1) The cusp-versus-core
problem is the disagreement between the cuspy density
profiles predicted from numerical simulations of colli-
sionless cold DM and the cored profiles favored by well-
studied dwarf galaxies [1–3]; (2) the too-big-to-fail prob-
lem is the observation that the most massive subhaloes
in CDM simulations are too massive to host the satel-
lites of the Milky Way, yet should be luminous given the
observed dwarfs [4, 5]; and (3) the long-standing miss-
ing satellites problem wherein the number of satellites
found in simulations of Milky Way sized halos disagrees
with observations by roughly a factor O(10) [6–8]. While
improved numerical simulations, incorporating baryons,
and better satellite statistics are clearly needed and may
yet alleviate this problem, the alternative possibility –
involving additional physics in the dark matter sector –
has justifiably received considerable attention.
Particularly well-explored is the suggestion that DM
could be self-interacting [9–32]. In this framework, the
cusped centers of DM halos are smoothed into cores by
providing DM with an efficient mechanism for transport-
ing energy from the hot inner region to the cold outer
region. A velocity-dependent cross section can nicely ac-
commodate the desire to have significant scattering at
dwarf scales without running afoul of the stringent lim-
its on self-interactions coming from cluster and galactic
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scales. Particle physics models with this feature employ
O(MeV) dark force mediators [10–12, 33].
Additional benefits can be obtained if the hidden sec-
tor interaction could somehow also include neutrinos [33].
It has been argued that this scenario may solve all of
the small-scale structure issues mentioned above. Indeed,
the efficient scattering of DM with energetic bath parti-
cles would lead to late kinetic decoupling, delaying the
formation of the smallest protohalos and resolving the
problem of missing satellites [33–35]. For this process
to damp structure on the scales relevant for the miss-
ing satellites problem, decoupling temperatures of order
O(0.1 keV) are needed, singling out neutrinos as a poten-
tial scattering partner for DM. (though other realizations
are possible [36, 37]).
From the particle-physics point of view, the imme-
diate issue to be addressed is how neutrinos could be
consistently coupled to a hidden gauge group with the
necessary strength without running into a host of con-
straints, e.g., [39]. A straightforward path is use instead
of the three Standard Model (SM) neutrinos a new, light
fermion, which is a SM singlet [38]. Provided this new se-
cluded neutrino could be produced in the early universe
with sufficient relic abundance, the desired late kinetic
decoupling of DM could be realized.
The phenomenology of this secluded neutrinophilic
DM (SνDM) model contains several unique and salutary
consequences, which are studied in this letter. First, we
show the thermal recoupling of the active and secluded
neutrino sectors indeed leads to a relic secluded neu-
trino population which is both hotter and more numer-
ous than in previous studies [35, 38]. Second, in contrast
with [33, 38] who considered symmetric DM we consider
the larger parameter space in which DM carries a primor-
dial particle-antiparticle asymmetry (though see [35]).
This has the effect of opening an interesting window in
parameter space at low DM mass where self-scattering is
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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ν-DM scattering
relevant for addressing the missing satellites problem.
in the perturbative regime. Lastly and most importantly,
we point out that, thank to the active-secluded neutrino
mixing, the neutrino self-interactions in this model mod-
ify the mean free path of Ultra-High-Energy (UHE) neu-
trinos as they propagate through the bath of relic neu-
trinos. We find that the bulk of the parameter space
which simultaneously resolves all dark matter structure
problems has direct observational consequences for the
IceCube experiment.
In Sec. II we describe the general features of the SνDM
model. In Sec III we solve the Boltzmann equations
to determine the region of parameter space favored by
an (a)symmetric thermal relic. In Sec. IV we determine
the self-scattering parameters relevant for addressing the
cusp-versus-core and too-big-to-fail problems. The se-
cluded neutrino temperature and kinetic decoupling com-
putation are addressed in Secs. V and VI respectively.
Implications of the neutrinos self-interactions for the
high-energy IceCube data are discussed in Sec. VII. We
summarize all of our results in Sec. VIII and conclude.
II. THE SνDM MODEL
As already mentioned, the fact that simulations im-
ply much cuspier density profiles than the cored pro-
files favored by observations [1–3] could be an indica-
tion that DM has non-negligible self-scattering [9]. De-
tailed analysis shows that a velocity-dependent interac-
tion is favored, as can be achieved with a light force car-
rier. The argument proceeds as follows. The strongest
constraints on DM self-interactions come from Milky
Way ellipticity and Cluster collisions, roughly requiring
σXX/mX . (0.1 − 1) cm2s−1 [40–42]. Note that these
constraints are obtained from DM populations where
the velocity dispersion is O(100 km/s) for Milky Way
constraints and O(1000 km/s) for cluster constraints.
For the O(1 cm2 g−1) cross sections at dwarf scales
(O(10 km/s)), as identified by Spergel and Steinhardt [9],
to be allowed, the self-scattering should exhibits strong
velocity dependence. Long-range interactions mediated
by an O(MeV) force carrier have precisely this feature
and may thus solve the cusp-versus-core problem while
remaining consistent with the constraints from galactic
and cluster scales [10–12, 33].
In this paper we shall assume that the DM is a Dirac
fermion, X, charged under a new U(1)X gauge inter-
action. There are two crucial ingredients for SνDM,
LSνDM = ∆Lφ + ∆LM , where the first term specifies
the nature of the DM and neutrino coupling to the new
gauge boson,
∆Lφ = gν ν¯sγµνsφ
µ + gXX¯γµXφ
µ, (1)
and the second term,
∆LM = yα
(LαH)(hXνs)
Λ
, (2)
allows the new νs to mass-mix with the active SM neutri-
nos in a gauge-invariant way via a U(1)X charged Higgs
hX which acquires a vacuum expectation value (VEV).
This Higgs is also responsible for giving mass to the vec-
tor, mφ = gh 〈hX〉, where gh is the gauge charge of the
Higgs and 〈hX〉 is its VEV. Note that the active neu-
trinos are contained in their electroweak (EW) doublets,
Lα =
(
να
`α
)
, where α = e, µ, τ .
We note that the presence of this mixing is completely
logical, since the operator in Eq. (2) is suppressed by only
a single power of the new physics scale Λ and hence even
new physics at very high scales could generate it. The
situation is completely analogous to the standard Wein-
berg operator for the neutrino Majorana mass. Indeed,
a simple ultraviolet completion of our model involves a
see-saw type construction. One introduces right-handed
singlet neutrinos with very large Majorana masses, cou-
ples them to both the SM and secluded neutrinos with
Dirac mass terms and then integrates the heavy right-
handed states out, yielding Eq. (2) at low energies.
The baryonic neutrino model of Pospelov [43–45] em-
ploys similar features in order to endow neutrinos with
new BSM interactions. We, however, do not assume any
novel neutrino-baryon or neutrino-charged-lepton cou-
pling. In fact, in SνDM when the universe is at tem-
peratures below the high energy scale Λ, interactions be-
tween the dark and SM sectors can be mediated exclu-
sively through neutrino mixing. In this case, neither the
“dark photon” searches nor DM direct detection exper-
iments are expected to turn up a positive signal. The
astrophysical and cosmological signatures discussed be-
low, including the possible imprints of the dark sector in
3DM profiles and the Icecube data, become the primary
methods of discovering the dark sector
Additional features of the model and the constraints
on it are discussed in a concurrent publication [46].
III. DARK MATTER THERMAL RELIC
ABUNDANCE
In models like ours where DM is not self-conjugate,
there exists the possibility that some high-scale physics
has violated the Sakharov conditions [47] and generated
a primordial asymmetry. This greatly expands the po-
tential dynamic range of our model, as in our case the
final abundance depends on both the annihilation cross
section and the primordial asymmetry instead of the an-
nihilation cross section alone. To be as general as possi-
ble, and since we are interested in relatively low-energy
physics in this paper, we do not specify the nature of the
high-energy physics producing this asymmetry (though
see e.g. [48, 49] for examples), but instead simply impose
the relevant annihilation requirements for an asymmetric
thermal relic [50].
To find the requisite annihilation cross section at a
given DM mass we solve the coupled Boltzmann equa-
tions,
dni
dt
+ 3Hni = −〈σannvrel〉
[
ninj − n2eq
]
, (3)
where the indices run over i, j = X,X, H is the Hubble
expansion rate, neq(T ) is the equilibrium number den-
sity, and 〈σannvrel〉 is the thermal average of the total
annihilation cross section.
We find that when the asymmetry is zero for Dirac
DM, the correct abundance is obtained for 〈σannvrel〉 '
4.5 × 10−26 cm3 s−1 DM masses & 10 GeV [51]. More
generally however, when the asymmetry is nonzero, for
the combination of the asymmetric and symmetric com-
ponents not to overclose the Universe the annihilation
cross section must be & 4.5 × 10−26 cm3 s−1 [50, 52].
In what follows we will allow for nonzero asymmetry be-
tween X and X¯, and employ this constraint.
Two processes contribute to the total annihilation
cross section: XX → νν and XX → φφ. When the DM
mass is large compared to the mediator φ (mX > mφ)
the annihilation is governed by the diagram in Fig. 1(a),
with cross section
〈σXX→φφvrel〉 '
g4X
16pim2X
√
1−
(
mφ
mX
)2
, (4)
while the cross section for the s-channel annihilation to
a pair of neutrinos is
〈σXX→ννvrel〉 '
Nνg
2
Xg
2
ν
32pim2X
(
2 +
m2ν
m2X
)
(
1− m
2
φ
4m2X
)2
+
Γ2φ
m2φ
. (5)
Thus whenever in the light mediator regime, mX > mφ,
the XX → φφ channel dominates so long as gX >
gν
√
Nν .
With the assumption that the XX → φφ mode domi-
nates, this effectively fixes the value of gX in the symmet-
ric DM limit or serves as a lower limit on gX when there
exists a nonzero particle asymmetry. Therefore using
Eq. (4) and imposing that the annihilation cross section
be & 4.5× 10−26 cm3 s−1 , we find that an (a)symmetric
thermal relic roughly requires that the DM coupling is,
gX ' 0.02
√
mX/GeV.
The above discussion is modified at large DM masses
by the presence of Sommerfeld-enhanced scattering [12,
53–55], though is largely irrelevant for the sub-TeV DM
masses with which we are concerned here [12].
IV. DM SELF-SCATTERING: TURNING CUSPS
INTO CORES
As discussed in Sec. II dwarf galaxies may indicate
the need for DM-interactions, while cluster and galactic
observations only yield limits on DM self-interactions.
Therefore, along the lines of [11, 12, 33] we are inter-
ested in exploring the parameter space of a thermal relic
for which the DM-DM scattering cross section is large at
dwarf speeds but small enough to accommodate galac-
tic and cluster limits on self-interactions 1. Given this
set of constraints, we adopt a region of interest for self-
interactions defined as [12]: 1-10 cm2g−1 at characteristic
dwarf speeds, 10 km/s, while < 1 cm2g−1 at galactic and
cluster speeds, 100− 1000 km/s respectively.
In an asymmetric DM context as we are considering,
the parameter space for self-interactions is quite large
given that relic abundance considerations only impose a
lower bound on the coupling, gX , rather than fixing it
as in the symmetric relic case. In contrast with [33, 38],
who considered symmetric DM, we shall see that thermal
asymmetric DM allows for a potential resolution of the
small-structure problems in the perturbative regime as
well.
In the small-coupling regime (αXmX/mφ  1) where
the scattering can be computed perturbatively, one can
use the Born approximation to compute the t-channel
contribution to the transfer cross section [12, 56]. We
agree with this calculation and find,
σT =
g4X
2pim2Xv
4
[
ln
(
1 +
m2Xv
2
m2φ
)
− m
2
Xv
2
m2φ +m
2
Xv
2
]
.(6)
In the non-perturbative regime (αXmX/mφ  1), fit-
ting expressions have been obtained in the limit that the
1 Though we stress that velocity-independent interactions around
∼0.5 cm2g−1 may be sufficient to modify the profiles of dwarfs
while narrowly evading galactic and cluster scale limits [40, 42]
4DM de Broglie wavelength is small compared to the char-
acteristic scale of the potential, mXv/mφ > 1. In this
sense the scattering proceeds “classically.” For repulsive
scattering these have been found to be [12, 57],
σT ≈
{ 2pi
m2φ
β2 ln(1 + β−2), β < 1,
pi
m2φ
(ln 2β − ln ln 2β)2 , β > 1, (7)
where β ≡ 2αXmφ/(mχv2rel) is the ratio of the potential
energy at the characteristic length scale r = m−1φ to the
kinetic energy of the DM.
Outside the realm of applicability for either of these
analytic results, we solve the Schro¨dinger equation using
the numerical recipe outlined in [12].
V. SECLUDED NEUTRINO ABUNDANCE AND
TEMPERATURE
After the dark sector decouples from the Standard
Model, the temperature ratio between radiation in the
two sectors is easily estimated from the conservation of
entropy under the assumption that the two sectors shared
a common temperature in the past, Td. This is found to
be
Ts
Tγ
∣∣∣∣
TKD
=
[
g∗,s(Td) g∗,SM (TKD)
g∗,SM (Td) g∗,s(TKD)
]1/3
, (8)
where TKD is the temperature of kinetic decoupling (dis-
cussed in the next section) and Ts is the temperature
of the secluded neutrinos. Thus taking Td = 1 TeV
and assuming both the scalar and vector were in equi-
librium at early times but not at kinetic decoupling, we
find Ts/Tγ ' 0.47.
An important observation from models of neutrinos
with dark sector interactions is that immediately after
decoupling the one-loop finite temperature self-energy
contribution to the neutrino effective mass strongly sup-
presses the mixing angle between the active and secluded
neutrinos [35, 58]. The effect is the direct analog of
the standard model finite temperature potential for neu-
trinos [59]. This mixing angle suppression isolates the
dark sector from the standard model sector by reduc-
ing the rate of νactive − νs scattering, to the extent that
it is much less than the expansion rate of the universe.
This prevents the secluded sector from thermalizing with
the Standard Model sector through neutrino scattering
at temperatures above 15 MeV. As a result, the phe-
nomenology of Big Bang Nucleosynthesis (BBN) is unaf-
fected by the addition of secluded neutrino interactions.
A critical feature of the model we present in this paper
which was missed by previous authors [35, 58] is the re-
coupling of the secluded neutrinos to the active neutrino
population at low (post BBN) temperatures. Once the
temperature of the relic secluded neutrinos has dropped
to a sufficiently low level, the thermal contribution to the
secluded neutrino self energy will become small enough
that it no longer suppresses the mixing angle between
active and secluded neutrinos. Once the mixing angle
becomes sufficiently large, the rate for 2 to 2 neutrino
scattering through the dark sector interaction becomes
fast enough to equilibrate the populations of secluded and
active neutrinos. This occurs roughly when the neutrino
oscillation rate is comparable to the effective potential,
δm2
2Es
cos 2θs ' 7pi
2g2νEsT
4
s
45m4φ
, (9)
where we have employed the form of the effective poten-
tial valid at low-temperatures, Ts, Es  mφ [35, 59].
A number of neutrino beam experiment anomalies pro-
vide a guide for our choice of neutrino mixing param-
eters [60, 61], which we take to be δm2 = 1eV2 and
θs = 0.1. This has the benefit of placing our neutrino
mixing portal in a regime that future short baseline neu-
trino experiments may be able to probe. For the range
of gs and mφ which satisfy the constraints placed on
SIDM, along with the secluded neutrino mixing param-
eters above, we find that mixing angle suppression will
cease in the temperature range 500 keV−5 keV. Without
mixing angle suppression, the rate of scattering between
active and secluded neutrinos through the dark sector
interactions becomes much faster than the Hubble ex-
pansion rate.
Interestingly, the newly reconnected neutrino popu-
lations do not truly thermalize with each other. The
temperature of decoupling is much lower than 2mφ so
that neutrino number changing interactions are not pos-
sible. Further, recoupling occurs below the temperature
at which the active neutrinos are decoupled from the SM
plasma. Because no new entropy can enter or be gen-
erated within the dark-active coupled neutrino system,
this leads to an equilibrium state which is dictated by
detailed balance. The scattering processes which convert
secluded neutrinos to active neutrinos and vice versa are
both of the same magnitude in equilibrium, O (sin2 θs),
so that the final state of the system is a sum of the Fermi-
Dirac distributions of the secluded and active neutrinos
weighted by the relative number of degrees of freedom
in the secluded and active sectors. Though this pro-
cess equilibrates the effective temperatures of all neu-
trinos, the spectrum of secluded (and active) neutri-
nos is distorted in such a way that a fractional value
of a fully thermally populated neutrino species remains.
We find that to a good approximation, the scattering
processes yield a detailed balance with 84% the num-
ber density of a fully thermalized neutrino distribution
and Ts ' Tν = (4/11)1/3Tγ , for our initial condition
of a single secluded neutrino species which decouples at
Td = 1 TeV.
This change in the effective temperature of the se-
cluded neutrinos is a key factor in computing the correct
kinetic decoupling temperature, TKD, which we perform
in the next section. As we will shortly see in Eqn. 10,
the increased temperature of the secluded neutrinos is
more impactful on TKD than the fractional thermal pop-
5ulation engendered by detailed balance. As a result, our
model predicts the effect of secluded neutrino scattering
on the small scale structure of DM halos to be much more
pronounced than previously calculated [33, 35].
VI. LATE KINETIC DECOUPLING: WHERE
THE MISSING SATELLITES WENT
Even after the number-changing annihilation reactions
cease being in equilibrium, kinetic equilibrium between
DM and the secluded neutrinos can persist via elastic
scattering, Xνs ↔ Xνs. This late kinetic decoupling
delays the formation of the smallest protohalos and may
offer a solution to the missing satellites problem [27, 33,
35, 36, 38].
The momentum relaxation rate from this process can
be roughly estimated from, Γp ∼ σXν nd (TKD/mX),
where the factor in parentheses accounts for the fact that
many neutrino scatterings are required to appreciably
change the DM momentum. Then using ns =
3
2
ζ(3)
pi2 T
3
s ,
one can estimate the temperature of kinetic decoupling
by equating the momentum relaxation rate to the Hubble
rate, Γp = H.
Though the above sketch is qualitatively correct, we
employ a method along the lines of [62] which incorpo-
rates the effects of Fermi-Dirac statistics and Pauli block-
ing. With this method we find the temperature of DM-
secluded neutrino kinetic decoupling to be (see Appendix
for details):
TKD =
(
104.58
31pi3Nν
)1/4
mφg
1/8
∗√
gXgν
(
mX
MPl
)1/4(
Tγ
Ts
)3/2
KD
.(10)
where g∗ is the effective energy degrees of freedom pa-
rameter.
The final ingredient to make contact with the miss-
ing satellites problem is to relate the temperature of ki-
netic decoupling to the mass of the smallest DM pro-
tohalos. As observed in [63–65], as long as DM-SM in-
teractions are in kinetic equilibrium acoustic oscillations
damp structure on sub-horizon scales. After kinetic de-
coupling, DM can stream freely out of over-densities and
wipe out structure up to sub-free streaming scales. The
mass of the smallest protohalos is determined by the
largest of these two effects. For the low values of ki-
netic decoupling we consider here acoustic damping is
dominant [62, 66, 67]. Thus the concomitant suppression
in the halo mass function is simply estimated from the
amount of DM in the horizon at temperature TKD [66]
Mhalo =
4pi
3
ρDM,0
g∗,s(TKD)
g∗,s(T0)
(
TKD
T0
)3
H−3(TKD)
= 1.7× 108 M
(
keV
TKD
)3
(11)
where g∗,s is the entropy degrees of freedom, T0 is the
temperature of the present epoch, ρDM,0 is the present
DM density and, M ' 1.1 × 1057 GeV is a solar mass.
For halo cutoffs addressing the missing satellites problem,
109−10M, this requires temperatures TKD ' 0.1 − 0.5
keV.
VII. IMPLICATIONS FOR ICECUBE
A. Basic argument
We now come to the crucial stage of our presenta-
tion. The basic observation for what follows is that,
if the dark force mediates DM-DM and DM-νs interac-
tions, it should also mediate self-interactions of νs. If
the secluded and active neutrinos appreciably mix, as in
Eq. (2), all neutrino mass eigenstates are endowed with
this novel self-interaction. The result is anomalous scat-
tering in collisions of neutrino particles. While a requisite
laboratory neutrino-neutrino collider is presently lacking,
the Universe provides an excellent setup for testing of
this scenario, with baselines on gigaparsec scales. The
“beam” is supplied by the ultra-high-energy (UHE) neu-
trino flux recently observed at the Icecube experiment;
the background, by the relic populations of secluded –
and to a lesser extent active – neutrinos.
Indeed, consider a neutrino produced at an astrophys-
ical source. Initially in an active state νa, it quickly os-
cillates into other flavors, and eventually separates into
several wave packets corresponding to the different mass
eigenstates that νa projects onto. Let us assume a generic
scenario that the three mostly-active mass eigenstates,
ν1,2,3, each have a similar, small amount of the secluded
admixture, ∼ sin θs. The fourth state, ν4, is then mostly
made up of secluded neutrino, ∼ cos θs. The initial ac-
tive state νa has a small probability, sin
2 θs, of imme-
diately projecting into ν4. This component essentially
disappears from the flux, having only a probability of
sin2 θs to interact as an active neutrino in the Icecube
detector (see below).
A more interesting fate awaits the mostly-active eigen-
states, ν1,2,3. While propagating through the relic back-
ground of ν4, these UHE neutrinos are subject to flavor-
dependent interactions. Specifically, only the νs compo-
nents of ν1,2,3 enter the interactions. The final state of
the scattering then consists of a νs − νs pair, with each
most likely to project onto ν4 state. Thus, the combi-
nation of dark-force-mediated scattering and the mixing-
induced oscillations effectively converts active neutrinos
into secluded ones, depleting the UHE neutrino flux.
Three important observations are in order. First, the
above discussion assumes that the secluded neutrino is
present at an appreciable level in all three states, ν1,2,3.
If one or more of these states do not contain νs, they
are not subject to the scattering process, resulting in
only partial suppression of the flux. Second, the active
relic neutrino background also scatters the UHE flux, but
with the probability suppressed by an additional factor
of sin2 θs. Lastly, one may ask whether the active neu-
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FIG. 2. In the left and right panels we fix the mediator mass to 10 MeV and 1 MeV respectively. To address the cusp-versus-
cores and too-big-to-fail problems a parameter point should lie within the shaded blue region. Values to the left of the black
curve lead are excluded by producing an over-abundance of DM, ΩDMh
2 > 0.12. Regions to the right of the green curve are
excluded by Lyman-α requirements that Mhalo < 5 × 1010 M, while regions to the right of the red solid line are excluded
by having a MFP < 50 Mpc. In the region to the right of the dashed red IceCube can perform source correlations at 3σ (see
text for details). For reference the dashed green curves are contours of constant Mhalo = 10
5 M, 107 M, 109 M from left
to right. Arrows indicate the direction in which the parameter space is allowed.
trino flux can be regenerated by subsequent scattering.
After all, each subsequent event has a ∼ sin2 θs probabil-
ity of producing ν1,2,3 and the ν4 neutrinos are subject
to more frequent interactions with the relic background
than in ν1,2,3, owing to the larger content of νs. It is
important to note, however, that such regenerated flux
would have significantly lower energies, since each scat-
tering event distributes the energy of the incident UHE
neutrino between the two daughter states. Effectively,
this flux disappears from the ultra-high-energy spectrum.
The efficiency of the scattering depends on the ratio
of the mediator mass mφ and the center-of-mass energy
s = 2Eνms, where ms is the mass of the mostly-secluded
state ν4. Specifically, for a t-channel exchange, one has
σtνν(z) =
sin
2 θs
sg4s
2pim4φ
, s m2φ ,
sin2 θs
3g4s
4pim2φ
, s m2φ .
(12)
Below the mediator mass, the interaction becomes effec-
tively contact and, just like for the SM Fermi interaction,
the strength decreases with decreasing energy. For strong
absorption, we need to be in the regime s & m2φ.
Remarkably, this is indeed realized for us. For a ∼ 100
TeV astrophysical neutrino and a ∼1 eV secluded neu-
trino mass, as motivated by the short-baseline anoma-
lies [60, 61], the center-of-mass energy is ∼ 10 MeV,
which is exactly the scale of the mediator masses favored
by the velocity-dependent DM self-scattering in galactic
cores. In this case, the t-channel cross section is ∼ 9300
fm2 (1 MeV/mφ)
2g4s sin
2 θs and the corresponding mean
free path (MFP) assuming the relic number density
of O(102) cm−3 is ∼ 30 pc (mφ/1 MeV)2g−4s sin−2 θs.
Thus, the UHE neutrinos at Icecube provide an excellent
probe of our scenario.
In their recently released three-year dataset the Ice-
Cube collaboration has reported 37 events above the at-
mospheric neutrino background with energies between 30
and 2000 TeV, with a significance of 5.7σ [70]. The origin
of these high-energy neutrino events remains unknown,
though they appear to be isotropically distributed, sug-
gesting an extragalactic origin. If this is the case, the
MFP of high-energy neutrinos as they scatter on the CνB
cannot be too short, as most of the flux originating at
cosmological distances would not reach us. This can be
immediately seen from Fig. 3, which shows the fraction
of events at IceCube expected to originate within a given
redshift, z, assuming SM neutrino interactions and the
source distribution that tracks the star formation history
of the universe. Even if one boosts the flux emitted by
the nearby sources by a large factor, the observed flux
would look highly anisotropic. This consideration leads
to an upper bound on the coupling in SνDM.
Indeed, taking sin2 θs = 0.01 and demanding that the
MFP be at least 50 Mpc for isotropy considerations,
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FIG. 3. Here we illustrate the effect of neutrino scattering on
the fraction of events at IceCube originating within a given
redshift, z. Notice that when absorption is present, a larger
fraction of events originate from nearby, and may be more
easily correlated with known sources.
we find gs . 0.09(mφ/1 MeV)1/2, or αs = g2s/4pi .
6× 10−4(mφ/1 MeV), a significant constraint. This con-
straints is illustrated in Fig. 2: it is responsible for the
right cutoff on the allowed regions. Similar considera-
tions were made for toy models [68, 69].
For couplings below this cutoff, we have an interest-
ing possibility of probing the SνDM scenario with future
Icecube data. There are at least two smoking-gun sig-
natures to look for in this case. First is the effect of
absorption in certain energy bands due to the s-channel
resonance. The s-channel cross section is suppressed only
by 2 powers of the coupling constant, being connected to
the production of the physical particle in the process of
νsνs → φ. Thanks to the red-shifting of the energy, the
s-channel absorption could result in a gap in the energy
spectrum. Such a gap, if confirmed with enough statis-
tics, would be difficult to ascribe to physics at the source.
Second is the possibility that the observed UHE neu-
trinos could be correlated with known nearby sources.
Indeed, correlations with distant sources is not expected,
since most of sources at cosmological distances (redshift
of z ∼ 1−5) are not in any catalog. If nearby source cor-
relations were to be observed, one would conclude that
a large fraction of the flux is missing. The argument
is that, on generic grounds, one expects sources to fol-
low a distribution similar to the star-formation history
of the universe. Then, as seen in Fig. 3, the population
at z ∼ 1 − 5 should contribute most of the flux. For
example, if the observed neutrinos were to be correlated
to sources lying within z . 0.2, distant sources would
be expected to contribute some 50 times as much flux.
Its absence would then imply a neutrino redshift horizon,
pointing towards the SνDM scenario. We next consider
this scenario in some detail.
B. Detailed example
Let us now proceed to a more detailed examination of
the modification of the neutrino optical depth in SνDM.
Assume a relic background of secluded neutrinos with a
number density of nνs |z=0 = 94 cm−3 for our example of
Td = 1 TeV. We will use the criterion that the optical
depth for a high energy neutrino to scatter with the CνB
be greater than unity. We compute the optical depth as
follows,
τ =
∫ rp
0
nνs (z)σνν (z) drp =
∫ zi
0
cnνs (z)σνν (z) dz
(1 + z)H(z)
,
(13)
where rp is the proper distance along the neutrino world
line, z is the redshift, H(z) is the Hubble expansion rate,
and the number density of background secluded neutrinos
nνs = nνs |z=0(1+z)3. Contributions to σνν (z) will come
from resonant s-channel scattering and from t-channel
scattering. The resonant scattering, as explained above,
could yield distinct absorption bands, which would be
smoking-gun signatures of our mechanism. At the same
time, the locations of these band are sensitively depen-
dent on both the mediator mass and the absolute neu-
trino mass scale. Hence, determining whether or not res-
onant absorption features will appear in the IceCube data
is not a reliable constraint. Therefore we chose to use the
t-channel scattering alone to constrain what portions of
the parameter space may impact IceCube observations.
For concreteness, we compute the bounds for our differ-
ent scattering regimes using Eν(z = 0) = 63 TeV, which
corresponds to the lowest IceCube event energy which
has been claimed to correlate with a gamma ray source
at known redshift [71].
The first scattering regime we define is the Optically
Thin regime, where τ < 1 out to a redshift of z = 10.
This regime will be unlikely to have an observable effect
on the IceCube signal as the potential sources for TeV
- PeV neutrinos (such as AGNs, GRBs, or star form-
ing galaxies) have redshift distributions which typically
peak at z < 4. The second regime is the mean free path
< 50 Mpc regime, where the optical depth for neutrino
absorption is τ = 1 at a distance of 50 Mpc or less. This
leads to IceCube sources which can be directly corre-
lated with local large scale structure around or within
the Milky Way galaxy.
The third regime we define is the IceCube 3σ correla-
tion projected limit. In this regime the absorption of high
energy neutrinos is sufficiently strong that it is possible to
use the 3 year data release from IceCube [70] to detect
a discrepancy between the low redshift (z ≤ 0.2) dis-
tribution of correlated IceCube sources and the redshift
distribution of the same sources as identified with pho-
tons. To compute this limit we take the median number
of events above background in the IceCube 3 year data
set, 20, and assume that the redredshift distribution of
IceCube neutrino sources tracks the star formation rate
(which is likely for many potential sources [70]). This
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FIG. 4. Left: 2D projection along the mφ axis showing the regions of the mX -gX parameter space which may potentially solve
the dark matter structure problems while producing identifiable absorption features for the IceCube experiment. Right: 2D
projection along the mX axis showing the regions of the mφ-gX parameter space which may potentially solve the dark matter
structure problems while producing identifiable absorption features for the IceCube experiment. Blue indicates the regime
where the CνB is opaque to high energy neutrinos on distances less than 50 Mpc, orange color indicates regimes where the CνB
is opaque to high energy neutrinos on distances short enough that absorption might be detected via IceCube source correlations
at the level of 3σ statistical significance (using the 3 year data set [70]), purple indicates the regime where there absorption of
high energy neutrinos may alter the IceCube observed spectra without creating a significant source correlation, red indicates
the regime where the absorption of high energy neutrinos reconciles the over abundance of IceCube events correlated with BL
Lacs at z < 0.212, and dark grey regions show the regime where the CνB is optically thin out to z = 10.
yields the expectation that 0.34 IceCube neutrino events
should originate within the range 0 < z < 0.2. We then
compute the effects of absorption in our model on the red-
shift distribution of neutrinos emitted from sources dis-
tributed according to the star formation rate, taking the
overall flux and redadjusting the normalization such that
the IceCube experiment is expected to observe 20 events
post-absorption. The post-absorption expected number
of events in the redshift range 0 < z < 0.2 is then tal-
lied and the significance of the discrepancy between the
absorbed and non-absorbed expectations computed. Re-
quiring the discrepancy be at least 3σ confidence level
or greater yields the constraints on mφ and gν shown in
Figure 4 as well as a the projection that the IceCube
detectable redshift horizon (beyond which τ > 1) for
t-channel absorption is z ≤ 0.70 (0.64) for the contact
(continuum) interaction limit.
The fourth regime we define is the Isotropic Source
regime, where the optical depth for high energy neutrino
absorption is greater than unity only for redshifts greater
than z = 0.70 (0.64) in the contact (continuum) inter-
action limit. The absorption of high energy neutrinos
in this regime may yet alter the spectral index of the
high energy neutrino spectrum or create absorption lines,
but it will not be detectable through correlating IceCube
events with astrophysical sources.
The recent results of [71] are of further interest, as the
authors point out that there is a significant correlation
between several of the IceCube neutrino events and BL
Lacs (3 events correlate with BL Lacs of known redshift,
4 events correlate with BL Lacs of unknown redshift).
We find these results very interesting. When normaliz-
ing the BL Lac signal to the total IceCube neutrino flux
we find that the number of neutrinos correlated with BL
Lacs located closer than z ∼ 0.2 exceeds expectation by
an order of magnitude. A possible explanation of this
discrepancy may be that the redshift distribution of BL
Lacs capable of generating IceCube energy neutrinos is
radically different from the redshift distribution of all BL
Lacs due to some unknown mechanism. However, our
model suggests the mean free path of high energy neutri-
nos may not extend to high redshift due to absorption,
potentially biasing the sources correlated with IceCube
neutrino events to low redshift. Beginning from this per-
spective, we define the BL Lac Source Correlation regime
by supposing that absorption of high energy neutrinos
on the CνB reconciles the over-abundance of correlated
neutrino events at low redshift. The mean free path of
high energy neutrinos is shortened by scattering with se-
cluded neutrinos in the CνB such that the correlation
of 3 IceCube neutrinos with BL Lac sources at a redshift
less than z = 0.212 (the largest redshift source correlated
with an IceCube neutrino event [71]) is consistent with
the total flux neutrinos observed by IceCube originating
from all BL Lacs in the observable universe. We also
vary the expected number of background events in the
IceCube 3 year data set by 1σ [70] to establish an up-
per and lower limit on the possible number of neutrinos
originating form BL Lacs beyond a redshift of z = .212.
We show the results of these bounds in Figures 2 and 4,
9which correspond for t-channel scattering to an upper
bound on the redshift horizon for high energy neutrinos
of z = 1.0 (0.92) for the contact (continuum) limit and
a lower bound on the redshift horizon of z = 0.42 (0.38)
for the contact (continuum) limit.
VIII. DISCUSSION OF RESULTS
In Figs. 2 and 4 we summarize our main results. In
each panel of Fig. 2 we fix the mediator mass and keep
gX = gν throughout. We include the thermal relic con-
straint, and exclude values of gX too small to yield a
sufficiently large annihilation cross section (black curve).
Strictly speaking this region of parameter space is only
excluded in the minimal model here, since one could eas-
ily add new interactions to X to open new annihilation
channels. Next, we include DM self-interactions at the
level of σXX/mX = 1− 10 cm2g−1 at dwarf scales where
the DM dispersion is small, v = 10 km/s (shaded blue).
Self-Interactions at this level has been argued to provide
a potential resolution of both the “too-big-to-fail” prob-
lem and the “cusp-versus-core” problems.
In addition one may also wish to address the missing
satellites problem. To this end in Fig. 2 we display curves
of constant DM protohalo masses (green dashed curves).
The observed lack of satellites in the Milky Way may be
indicative of cutoffs around 109−10 M. It is known how-
ever that DM substructure cannot be arbitrarily large.
Lyman-α constraints are among the most restrictive and
require Mhalo . 5× 1010 M (solid green) [72, 73].
Significantly, the original region for the viable solu-
tion of all dark matter structure problems via hidden
sector interactions with neutrinos [33] persists within the
larger parameter space allowed by our model. Because
the authors of [33] explicitly considered only symmetric
thermal relic dark matter which self-interacts in the clas-
sical scattering limit, their solution exists in the upper
right hand portion of the plots in Figure 2. This subset
of the allowed parameter space is almost entirely within
the MFP< 50 Mpc regime for the IceCube experiment.
As such, the parameter space allowed by [33] results in
vigorous absorption of high energy neutrinos by the CνB,
which can be readily probed by the IceCube detector.
To summarize the allowed parameter space we have
projected the results of the calculations done for Fig. 2
onto the mφ and mX planes in Fig. 4. These projec-
tions show that there is a very large volume of the pa-
rameter space which resolve the issues associated with
dark matter structure while also producing absorption
of high energy neutrinos by the CνB. Most importantly,
the right hand panel of Fig. 4 shows that the bulk of the
regime where IceCube might observe either isotropic or
local high energy neutrino sources is also a viable solu-
tion for all of the dark matter structure problems. This
means that this model predicts, at the very minimum,
a horizon in redshift beyond which high energy neutri-
nos cannot propagate to the IceCube detector without
scattering and becoming undetectable. Most of the pa-
rameter space produces an observable feature in the Ice-
Cube signal, specifically that the redshift distribution of
high energy neutrino sources does not match the redshift
distribution of observed events in the IceCube detector.
Furthermore, the possibility exists (dependent on the ab-
solute neutrino mass scale) that absorption lines from
resonant production of the mediator in ν − ν collisions
may be observable in the IceCube experiment.
Should the primary source of neutrinos in the IceCube
detector ultimately prove to be BL Lacs and should the
correlation found in [71] persist in the future, we could
infer data-preferred values of the strength of the secluded
sector self interactions. From the BL Lac Source Corre-
lation contour in Fig. 4, we can make an estimate of the
strength of the secluded sector interaction in the con-
tact limit, Geff = g
2
ν/m
2
φ = 9 ± 3 × 10−5 MeV−2, using
sin θs = 0.1.
IX. CONCLUSIONS
We have studied the consequences of endowing DM
with new interactions with neutrinos. This is a generic
possibility in models where secluded neutrinos and DM
are charged under a new U(1) gauge symmetry. The
mass mixing with active neutrinos arises from unspeci-
fied high-scale physics, which we effectively parameter-
ize as a dimension-five operator connecting the two sec-
tors. The new light gauge boson in this model simulta-
neously provides an annihilation channel for DM, yields
late kinetic decoupling of DM and neutrinos, gives strong
self-interactions at dwarf galaxy scales, and modifies the
mean free path of high-energy neutrinos. Of further im-
portance, DM is not self conjugate under such a scheme,
allowing the DM relic abundance to be asymmetric. This
admits the existence of much more strongly coupled DM-
DM and νs-DM interactions, expanding the regime where
such a model could simultaneously solve all of the dark
matter structure problems and lead to novel effects at
IceCube. On the neutrino side, the new interactions dis-
cussed here may have additional cosmological implica-
tions such as their impact on the CMB by delaying the
onset of free-streaming [74–76]. In addition, although
present data has not yet reached thermal relic sensitiv-
ity [77], future IceCube data limiting DM annihilation
into neutrinos will be a further test of this model, and
can be relevant even in the case of asymmetric annihila-
tion [50, 52].
The neutrino mixing portal which connects the dark
and SM sectors at low temperature has a range of bene-
ficial effects. Mixing angle suppression [35, 58] precludes
such models from interfering with BBN. We have shown
that late-time scattering via the dark mediator recouples
the active and secluded neutrino populations, leading to
a larger and hotter population of relic secluded neutrinos
than previously thought [35]. This late time recoupling of
neutrinos further increases the volume of the parameter
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space which may explain the missing satellites problem.
The most important feature present in our model is
the ν-ν scattering through the dark sector interaction
which produces observable consequences in the high en-
ergy neutrino flux observed by the IceCube experiment.
IceCube data may be able to constrain or confirm SνDM.
The presence of secluded neutrinos in the CνB modify
the mean free path of high energy neutrinos since they
can scatter on relic background of secluded neutrinos
via mixing. The parameter space which reconciles issues
with dark matter structure lies almost entirely within the
regime which might be tested as IceCube’s exposure time
increases. The correlation of IceCube neutrino events
with BL Lac sources at low redshift may be the first evi-
dence of the absorption of high energy neutrinos through
this mechanism. This represents a novel and unique op-
portunity to probe the dynamics of the dark sector using
the IceCube neutrino telescope.
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APPENDIX: KINETIC DECOUPLING
A. Simplified Approach
The matrix element for Xν → Xν is (averaging over
initial DM spins)
〈|M |2〉 = 4g
2
Xg
2
ν(
t−m2φ
)2 [(s−m2X)2 + (u−m2X)2 + 2m2Xt]
Note that using s + t + u = 2m2X we have u − m2X =
−2mXEν − t.
The cross section is dσ/d cos θ = 〈|M |
2〉
32pis . In the limit
that t = 0 and s = m2X + 2mXEν we see that 〈|M |2〉 =
32g2Xg
2
ν
m4φ
m2XE
2
ν .
The temperature of kinetic decoupling can be found
by solving H = Γmom = nsσXν
√
3
2
(
Ts
mX
)
where at
t = 0 the cross section is σXν =
g2Xg
2
νE
2
ν
pim4φ
. Using
H = 1.66
√
g∗T 2γ /MPl and ns =
3
2
ζ(3)
pi2 NνT
3
s and 〈E2ν〉 =
12.9T 2.
TKD =
(
pi31.66(2/3)3/2
12.9ζ(3)Nν
)1/4
mφg
1/8
∗√
gXgν
(
mX
MPl
)1/4(
Tγ
Ts
)3/2
KD
.
B. Details
The above approach is not fully accurate. A better
method is offered by the following which takes into ac-
count Fermi-Dirac statistics and Pauli blocking. To do do
we follow the method of [62] and write the momentum-
relaxation rate as
γ(T ) =
gSM
6mXT
∫ ∞
0
d3p
(2pi)3
f(p) (1− f(p)) 8p4 dσ
dt
∣∣∣∣
t=0
(14)
where dσdt =
1
64pim2Xp
2 〈|M |2〉.
dσ
dt
∣∣∣∣
t=0
=
g2Xg
2
ν
2pim4φ
(15)
Using
∫∞
0
p6f(p) (1− f(p)) dp = 31pi642 T 7. Using gSM =
2Nν we find
γ(T ) =
31Nνpi
3
63
g2Xg
2
ν
mXm4φ
T 6ν (16)
Equating this to the Hubble rate and solving for T yields
TKD =
(
1.66 · 63
31pi3Nν
)1/4
mφg
1/8
∗√
gXgν
(
mX
MPl
)1/4(
Tγ
Ts
)3/2
KD
.
=
0.067 keV
N
1/4
ν (gXgν)1/2
(
Tγ
Ts
)3/2 (mX
TeV
)1/4 ( mφ
1 MeV
)
,
which is in agreement with [33].
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